The two pathogenic species of Neisseria, N. meningitidis and N. gonorrhoeae, have evolved resistance to penicillin by alterations in chromosomal genes encoding the high molecular weight penicillin-binding proteins, or PBPs. The PBP 2 gene (penA) has been sequenced from over 20
Introduction
Penicillin-resistant strains of Neisseria gonorrhoeae have become increasingly prevalent during the last two decades (Jephcott 1986) . In many of these isolates, resistance is due to the acquisition of a ~-lactamase, which inactivates the antibiotic. In other isolates, resistance is due to alterations of the chromosomal genes encoding the high molecular weight penicillin-binding proteins (PBPs), combined with reductions in the permeability of the outer membrane (Spratt 1989) . The high molecular weight PBPs are enzymes that catalyze the final stages of peptidoglycan (cell wall) biosynthesis: in penicillin-susceptible strains, penicillin binds to these PBPs and inactivates them, leading to impairment of cell wall synthesis and cell death (Spratt and Cromie 1988) . In resistant strains, the affinities of the high molecular weight PBPs for penicillin are reduced so that higher concentrations of the antibiotic are required for their inactivation (Spratt 1989) .
Neisseria species possess two high molecular weight PBPs (PBP 1 and PBP 2), which are the killing targets of penicillin, and a low molecular weight PBP (PBP 3), which in common with low molecular weight PBPs of other bacteria, is not implicated in the killing mechanism of penicillin (Spratt and Cromie 1988) . Reductions in the affinity of both of the high molecular weight PBPs have occurred in non-/3-1actamase-producing, penicillin-resistant strains of N. gonorrhoeae (Dougherty et al. 1980 ).
Isolates of the other pathogenic member of the genus Neisseria, N. meningitidis, that have increased levels of resistance to penicillin have been reported in the last few years (Sfiez-Nieto et al. 1987; Sutcliffe et al. 1988) . These low-level penicillin-resistant isolates have reductions in the affinity of PBP 2, but not of PBP 1 (Mendelman et al. 1988 ). Penicillin resistance due to alterations of PBP 2 has also emerged recently in some of the commensal Neisseria species that form part of the normal nasopharyngeal flora (e.g., N. lactamica and N. polysaccharea; Sfiez-Nieto et al. 1990; Lujan et al. 1991) .
The PBP 2 genes (penA) of penicillin-susceptible strains of N. rneningitidis [minimal inhibitory concentrations (MICs) of -0.04 #g benzylpenicillin/ml] are rather uniform ). Thus, identical patterns of DNA fragments were obtained from the penA genes of 17 susceptible strains following digestion with the restriction endonucleases HpaII, TaqYI, and Hinfl ; J. Campos, Q-Y.Z., and B.G.S., unpublished). In contrast, the penA genes of 42 penicillin-resistant isolates (MICs of >-0.1 /~g/ml) all gave very different patterns of restriction fragments from those of the susceptible strains. Furthermore, the penA genes of the resistant strains appeared to be heterogeneous; 15 different patterns of HpaII cleavage fragments were found among the penA genes from the 42 resistant strains ; J. Campos, Q-Y.Z., and B.G.S., unpublished). These results suggest that the penA genes of penicillin-resistant isolates of N. meningitidis are very different in nucleotide sequence from those of susceptible isolates.
The sequence of the PBP 2 gene (penA) from a resistant strain of N. meningitidis has been compared with those from susceptible isolates (Spratt et al. 1989) . These studies have shown that the penA gene of the resistant isolate ($738) has acquired blocks of DNA from the penA genes of a closely related commensal Neisseria species. Neisseria is naturally competent for transformation, so it is plausible that these blocks of DNA have been acquired by this recombinational mechanism. Similar mosaic penA genes have also been found in penicillin-resistant isolates of N. gonorrhoeae (Spratt 1988) and N. lactamica (Lujan et al. 1991) .
Neisseriaflaveseens has been identified as the donor of the blocks of DNA in the penA genes of the resistant isolates previously examined ; Lujan et al. 1991) . Neisseria flavescens isolates, including those from the preantibiotic era, fortuitously produce a PBP 2 that has a lower affinity for penicillin than PBP 2 ofN. meningitidis, N. gonorrhoeae, or N. lactamica (Zhang 1991) . Apparently, genetic transformation has provided a mechanism by which the latter Neisseria species can obtain increased levels of resistance to penicillin by acquiring the PBP 2 genes (or the relevant parts of them) from N. flavescens.
In this paper we report an analysis of the penA genes from 23 Neisseria isolates, representing 7 species, and demonstrate complex mosaic structures, that apparently arose by the acquisition of blocks of DNA from the penA genes of several commensal Neisseria species.
Materials and Methods
Bacterial Strains. The properties of the Neisseria strains used in this work are shown in Table 1 .
Amplification and Sequencing of penA Genes. The complete penA genes of N. meningitidis and N. gonorrhoeae strains were amplified by the polymerase chain reaction (PCR) on a 2.0-kb fragment using the primers GC11 and GCdown3, as described . For the commensal Neisseria species, a 1.4-kb fragment of the penA gene (which encodes the entire penicillinsensitive transpeptidase domain) was amplified using GCup2 and GCdown3 ). The amplified fragments were cloned in each orientation in M 13mp 18 and M 13rap 19 and were sequenced with a series of oligonucleotides that prime at intervals along each strand. Ambiguities arising from the PCR were eliminated by sequencing several independent M 13 clones.
The sequences of the penA genes have been deposited in the EMBL data base. A copy of the complete aligned sequences can be obtained from the authors.
Results

The Detection of Mosaic Structure in the penA Gene
The sequences of the penA genes of the Neisseria strains A-W, listed in Table 1 , are shown in Fig. 1 (only the 478 polymorphic sites are shown). For most strains the sequence of the entire penA gene (nucleotides 1-1947) was determined; in other cases, only the sequence of nucleotides 571-1947 was determined.
The results of analyzing these sequences for mosaic structure are shown in Figs. 2-4. Nucleotides 1-570 are omitted from these figures as no mosaic structure was evident within this region in any of the strains (Fig. 1) . The methods of analysis are described in Maynard Smith (1992) . Briefly, a program was used that compares the penA genes of two strains and identifies those crossover points that maximize the difference between the proportions of sites occupied by the same and by different bases, before and after the crossover. Significance levels were determined by bootstrapping. Because we prefer to miss real mosaic gene structures, rather than to identify unreal ones, we have taken P = 0.001 when deciding whether a particular block is significant.
The penA genes of the susceptible N. meningitidis and N. gonorrhoeae strains were rather similar (an average nucleotide sequence divergence of 1.8%) and DNA from these two species is not distinguished in Figs. 2-4.
The penA Genes of Penicillin-Susceptible Isolates of Pathogenic Neisseria
The uniformity of the penA genes of susceptible strains ofN. meningitidis (MICs of-<0.04 #g benzylpenicillin/ml), which had been implied from the identity of their restriction maps , was confirmed by comparing the sequences from four isolates: the two most dissimilar strains (the serogroup B strain C311 and the serogroup A strain NCTC 10025) differed at only 10/1947 nucleotides (0.5% divergence). The sequence ofN. meningitidis C311 is shown as the master sequence in Fig. 1  (strain A) .
Similarly, the penA genes of three susceptible N. gonorrhoeae isolates (MICs of -<0.008 #g/ml) were very uniform: the two most dissimilar strains (LM306 and FA19) differing at only 4/1947 sites (0.2% divergence). The sequence of LM306 was chosen as a representative of a penicillin-susceptible N. gonorrhoeae (strain M).
The penA Genes of Penicillin-Resistant Isolates of N. meningitidis
The penA genes of all penicillin-resistant N. meningitidis isolates showed clear mosaic structure, consisting of regions that were very similar to the corresponding regions in susceptible isolates, and regions that were very different in sequence. Comparisons of the sequences of these diverged regions with those of the corresponding regions of the penA genes of the type strains of closely related commensal Neisseria species demonstrated the likely origins of these regions. Figures 2 and 3 show the mosaic structure in the penA genes of species other than N. gonorrhoeae and indicate the proposed origins of the diverged regions.
The penA genes of the resistant N. meningitidis strains B, C, D, E, F, K, and L have acquired blocks of DNA from isolates that are very similar to the type strain of the commensal species, N. flavescens (strain U) (Figs. 2 and 3) . Strains C and D, although above the sequences correspond to the numbering of the penA gene used in Spratt et al. (1989) . The Neisseria isolates are identified by the letters and codes used in Table 1 The penA gene of the penicillin-resistant N. meningitidis strain G differed from the above strains in having a diverged region that was clearly not acquired from N. flavescens. Between nucleotides 1 and 620 the penA gene of strain G differed from that of the susceptible N. meningitidis strain A at 
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S ( A comparison of the genes of N. cinerea (strain W) and N. rnucosa (strain V) shows clear mosaic structure: the downstream region ofN. rnucosa differs from N. cinerea by only 33/536 (6.1%) of nucleotides, whereas the upstream region differs by 188/841 (22.4%). The sequences of the penA genes of another N. cinerea isolate (strain Z), and another N. rnucosa isolate (strain X), revealed the same mosaic structure (data not shown). In Fig. 3 it is implied that this mosaic structure arose by the introduction of a block of N. cinerea DNA into N. mucosa, but the data are also consistent with the transfer having occurred in the opposite direction.
The penA genes of some of the resistant N. meningitidis isolates appear to have acquired blocks of The N. cinerea block in strain J was identical (except at one site) to that in the resistant N. meningitidis strains H and I (which have identical penA genes). Strain J may have arisen by the introduction of a block of DNA from N. lactamica into the already resistant strain H, although this transfer would not be expected to confer increased resistance to penicillin. Alternatively, the N. cinerea block may first have been introduced into N. lactamica: strains H and J would then represent two independent transfers from the resulting resistant N. lactamica into N. meningitidis.
The penA Genes of N. lactamica and N. polysaccharea Strains
The penA gene of the susceptible N. lactamica strain (Q) has a mosaic structure. The region between sites 870 and 1254 differs from susceptible N. meningitidis by 58/385 (15.1%) nucleotides, whereas the two species differ by only 26/992 (2.6%) in the regions before and after this central block (Fig. 2) . The presence of this block in the penA gene of all three of the N. lactamica isolates that were sequenced (Q, R, and S), and in the closely related species N. polysaccharea (strain T), suggests that it represents an ancient recombinational event that occurred (unrelated to the evolution of penicillin resistance) in the common ancestor of these strains.
The two penicillin-resistant N. lactamica strains (R and S) have acquired a block of DNA from N.
flavescens. Their penA genes have identical block structures, but they differ in sequence at 26 sites (Fig. 2) .
The penA gene of the type strain of N. polysaccharea (T) closely resembles that of the susceptible N. lactamica (Q) , but has acquired blocks of DNA from N. flavescens (Fig. 2) . In recent years, isolates of N. polysaccharea with increased levels of resistance to penicillin have become common in some countries (S~ez-Nieto et al. 1990 ). Neisseria polysaccharea was only described recently (Riou et al. 1983) , and the isolate that was chosen as the type strain has an increased level of resistance compared to truly susceptible isolates (our unpublished data). The presence of a block of N. flavescens DNA in the penA gene of the type strain ofN. polysaccharea is therefore associated with penicillin resistance. We have not examined the penA gene of a truly susceptible N. polysaccharea, but presumably it would lack the blocks ofN. flavescens DNA. Figure 4 shows the mosaic structure in the penA genes of N. gonorrhoeae strains. The penA gene of the penicillin-resistant strain P differs from that of the susceptible strain M only by the insertion of an additional codon (Asp-345A), and by two synonymous substitutions. The Asp-345A codon is present in the penA genes of all of the 47 non-~3-1actamase-producing, penicillin-resistant N. gonorrhoeae isolates that have been examined, but is not found in susceptible isolates (Dowson et al. 1989) . The insertion of Asp-345A has been shown to decrease the affinity ofPBP 2 and to provide increased resistance to penicillin (Brannigan et al. 1990) .
The penA Genes of Penicillin-Resistant Isolates of N. gonorrhoeae
The resistant N. gonorrhoeae strain O has acquired, in addition to the Asp-345A codon insertion, a block of DNA from N. flavescens, and strain N has acquired a block from both N. flavescens and N. cinerea. Both the insertion of Asp-345A, and the block of N. flavescens DNA, in the penA gene of The penA genes ofN. mucosa (strain V) and N. lactamica (strain Q) show a mosaic structure (Figs. 2 and 3 ). Regions A (nucleotides 571-869) and C (nucleotides of N. lactarnica are therefore analyzed separately from region B (nucleotides 870-1254).
Similarly, region A of N. rnucosa (nucleotides 571-1411) is analyzed separately from region B (nucleotides strain O have been shown to contribute to the decreased affinity of PBP 2 (Brannigan et al. 1990 ). It is not clear whether the insertion of the Asp-345A codon was a mutational event or the result of the acquisition of a small block of DNA. We favor the view that it was a mutational event as there are no other differences between the penA genes of the susceptible and resistant N. gonorrhoeae strains for over a hundred base pairs either side of the codon insertion (Spratt 1988) . Furthermore, the Asp-345A codon has not been found in any of the commensal Neisseria species that we have examined. The penA gene of the penicillin-resistant N. meningitidis strain G also has an aspartic acid codon inserted at the same site. However, in this case the inserted codon is GAT, rather than the GAC codon found in the penA genes of the resistant N. gonorrhoeae strains.
Discussion
Interspecies Recombination and the Production of Low-Affinity Forms of PBP 2
The penA genes of all of the penicillin-resistant isolates ofN. meningitidis, N. gonorrhoeae (except strain P), and N. lactamica that we have examined have mosaic structures that appear to have arisen by the introduction of blocks of DNA from the penA genes of closely related commensal Neisseria species. These interspecies recombinational events have presumably occurred by transformation and result in the production of hybrid forms of PBP 2 that have increased resistance to inhibition by penicillin.
Penicillin-resistant forms of PBPs have (with one exception) emerged in bacterial species that are naturally transformable (Spratt 1989) . Genetic transformation allows a bacterial species to sample the genetic variation both within its own species and within related species that are sufficiently similar for homologous recombination to be feasible. In the examples we describe here, recombination has occurred between Neisseria species that differ by as much as 24% in nucleotide sequence (Table 2) .
We have previously suggested that variation in the amino acid sequence ofPBP 2 from related Neisseria species results in variations in the affinity of PBP 2 for penicillin, and that a species like N. meningitidis, which produces a PBP 2 with high affinity, can become more resistant to penicillin by replacing its penA gene (or the relevant parts of it) with the penA gene from a related species that fortuitously produces a lower affinity form of the enzyme (Spratt 1988; Spratt et al. 1989) .
If this is the correct explanation, the commensal species that are implicated as the donors of blocks of penA sequences to N. meningitidis, N. gonorrhoeae, and N. lactamica should be intrinsically relatively resistant to penicillin as a result of the production of low-affinity forms of PBP 2. This appears to be the case for both of the donors that we have identified --N. flavescens and N. cinerea (and N. mucosa, see above) .
Isolates of N. flavescens obtained in the preantibiotic era (e.g., strain U) have MICs of benzylpenicillin that are at least 10-fold higher than those of typical isolates of N. gonorrhoeae, N. meningitidis, or N. lactamica (0.2-0.4 gg/ml compared to <0.04 #g/ml). The affinity ofPBP 2 ofN. flavescens strain U has been shown to be much lower than that ofPBP 2 of typical isolates of the latter species (Zhang 1991) .
The two N. mucosa isolates (strains V and X) both had MICs of benzylpenicillin of 0.64 /zg/ml. The N. cinerea isolate that we initially examined (strain W) was rather susceptible to penicillin (MIC of 0.04/~g/ml). However, this strain (the type strain) is atypical as relative resistance to penicillin has been noted as one of the distinguishing features of this species; 25/28 isolates of N. cinerea reported by Berger and Paepcke (1962) in their original description of the species had MICs for benzylpenicillin between 0.16 and 0.64 /~g/ml. Three other isolates of N. cinerea that we examined (strains Y, Z, and AA) had MICs of 0.64, 0.32, and 0.16 #g/ ml, respectively.
Further support for the idea that replacement of the penA gene of N. meningitidis (and N. gonorrhoeae and N. lactamica) 
Common Crossover Points--Common Ancestry or Recombinational Hotspots?
The junctions of the blocks of DNA that were acquired from commensal Neisseria species were identified by the statistical procedure of Maynard Smith (1992) . These junctions are assumed to correspond to the recombinational crossover points during the original interspecies transformation events (or to crossover points arising by truncation of the block of commensal DNA during a subsequent intraspecies horizontal transfer event). In Figs. 2-4, crossover points that occur in the penA genes of more than one Neisseria strain are indicated by letters ai. The accuracy with which they can be located is limited by the existence of nucleotide differences between the penA genes of the parental strains involved in the recombinational events. Because in most cases these differ at approximately 20% of sites, crossover points could be located to within about five nucleotides. The locations of the crossover points between N. flavescens DNA and iV. gonorrhoeae or N. meningitidis DNA are given in Table 3 .
The number of common crossover points present in strains that differ in block structure is much greater than would be expected if the recombinational events had occurred independently and at random points along the gene. 2) Common crossover points reflect recombinational hotspots.
The idea of common ancestry is plausible at first sight. Once a mosaic gene encoding a low-affinity form of PBP 2 had arisen, it would be expected to spread horizontally by transformation to give rise However, if common ancestry is the explanation of the other common crossover points, we need to propose some mechanism that results in sequence variation subsequent to the ancestral recombinational events. The reason for this is as follows. The regions shown in Figs. 2 and 3 as being derived from N. flavescens differ by up to 6% in nucleotide sequence. This can readily be explained as sequence variation within the donor species if these regions have been acquired on separate occasions but, on the common ancestry hypothesis, the origin of this variation needs to be explained. For example, the penA genes of the two penicillin-resistant N. lactamica isolates R and S each have a block of DNA of identical size from N. flavescens, defined by the common crossover points a and c. However, the region between a and c of strain S differs from that of strain R at eight sites, all but one synonymous. The common ancestry hypothesis requires that eight substitutions have been established since the original recombinational event. This is clearly implausible if the ancestral recombinational event occurred very recently (i.e., since the introduction of penicillin into medicine), unless the mutation rate under natural conditions is much higher than is generally assumed, or the horizontal spread of the mosaic For these reasons, we conclude that the diverged blocks are not subjected to mismatch repair during horizontal transfer. We are therefore left with two main possibilities to explain the sequence variation in the donor regions flanking common crossover points.
Firstly, the common crossover points do reflect common ancestry, but the recombinational events are ancient, rather than having occurred since the introduction of penicillin, such that sequence variation has accumulated.
Alternatively, common crossover points are the result of recombinational hotspots rather than common ancestry. If so, it might be expected that the crossover points occur at regions of maximal similarity between the donor and recipient penA genes. This is not obviously the case. However, the crossover points represent the sites of physical exchange of DNA which, in contrast to the sites of initial heteroduplex formation, do not necessarily correspond to the regions of maximal sequence similarity. We know of no precedents for precise recombinational hotspots (rather than regional hotspots, e.g., in the vicinity of Chi sites in bacteriophage lambda ; Stahl 1979 ) during homologous recombination, and we have considerable reluctance in accepting that they are the explanation of the common crossover points. An alternative explanation is that the observed sites of recombination are constrained by considerations of protein structure. Recombination at many points along the penA gene may result in hybrid forms of PBP 2 that are selected against because they have diminished enzymatic activity, stability, etc.
Although some of the common crossover points may be the result of recombinational hotspots, there are other examples where sequence variation within diverged regions cannot be explained plausibly by independent recombinational events occurring at hotspots. The most obvious example is the presence of an identical block structure in the penA genes of the resistant N. lactarnica strains R and S. The presence of the same crossover points at each end of the N. flavescens block would require that recombination occurred on two independent occasions at precisely the same positions on both sides of the introduced N. flavescens block. This seems unlikely and we favor the view that the identical block structure of strains R and S are the result of common ancestry. However, if we accept the common ancestry hypothesis, and accept that mismatch repair does not introduce sequence variation, we have to suggest that the ancestral recombinational event was ancient in order to explain the presence of eight nucleotide differences within the N. flavescens block in these two strains.
Although it is attractive to believe that the recombinational events that resulted in the production of altered forms ofPBP 2 with decreased affinity for penicillin have occurred since the introduction of penicillin into medicine, and have been strongly selected, this is not necessarily so. Ancient interspecies recombinational events involving the penA gene, which were selectively neutral in the absence of penicillin, may have been maintained at low frequency within the meningococcal (or gonococcal, etc.) population. Following the introduction of penicillin, those rare mosaic penA genes that encode lower affinity forms of PBP 2 would have been strongly selected to result in the emergence of isolates with increased levels of penicillin resistance.
